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UNTANGLING THE WATER GAS SHIFT FROM FISCHER-TROPSCH:
A GORDIAN KNOT?
Cheryl K. Rofer-DePoorter
Geochemistry Group
Los Alamos National Laboratory
P.O. Box 1663 MS D462
Los Alamos, NM 87545
ABSTRACT
The water gas shift reaction is an integral part of the
Fischer-Tropsch synthesis. Although it may appear conven-
ient to consider the water gas shift a separate reaction in
some cases, a detailed examination of the mechanism indi-
cates that the water gas shift and other synthesis gas reac-
tions share several elementary reactions. Experimental sup-
port for the relevant elementary reactions for the water gas
shift on metals, metal oxides, and in homogeneous solution
is examined, from both surface ard complex chemistry. Mul-
tiple paths leading to a net water gas shift reaction may be

available; oxygen transfer and reaction through C-H-0 inter-

mediates may take place.

INTRODUCTION
The water gas shift reaction is catalyzed by numerous
metals and oxides. Thus, in any environment runtaining CO
and H,0, or CO, and H,, the water gas shift reaction,
CO + H,0 e CO, + H,, (1)
or its reverse, the water gas reaction, may occur. The
water gas shift is used to regulate H, and CO concentra-
tions in synthesis gas, and it occurs as part of synthesis

ga: reactions such as the Fiacher-Tropsch svnthasis, in



which CO and H2 are starting materials, and CO, and
Hzo may be products. At typical synthesis gas reaction
temperatures, the equilibrium constant for the water gas
shift is close enough to unity and the reaction proceeds
rapidly enough that all four species can be expected to be
present. The economics of synthesis gas reactions usually
require that oxygen rejection be via Hzo rather than
C02; therefore, control of the oxygen-carrying product
through the water gas shift may be desirable.

Although the water gas equilibrium is sometimes concep-
tually separated from other synthesis gas reactions, it prob-
ably shares elementary reactions with them and thus cannot
be separated eitner in a theoretical or practical way. This
i an important point; if the water gas shift itself 1is con-
sidered an elementary step (which it cannot be in a hetero-
geneously catalyzed system), its function in a synthesis gas
reaction such as Fischer-Tropsch cannot be underrstood. 7Tt
is tautological to attribute, for example, the productiorn of
H20 as the oxygen-carrying product for an iron-catalyzed
Fischer-Tropsch system to iron's activity in the water gas
shift reaction. The differsnces between Hzo- and CO,-
producing catalysts are rather within some subset of elemen-
tary reactions occurring under Fischer-Tropsch conditions to

give an effective water gas shift, TIdentification of thoese



elementary reactions will allow the design of improved
Fischer-Tropsch catalysts.

In the conventional phenomenological approach tn cata-
lytic kinetics, a mechanism is found that gives orders of re-
action similar to those in the empirical rate equation. The
approach I will take in this paper is complementary to the
phenomenological approach, but it is seldom used_1
Studies of elementary reactions will be emphasized in order
to provide a basis for suggesting their participation in the
water gas shift.

Increasing availability of experimental data and of com-
puter calculational capability makes this approach more use-
ful than it has been in the past. A calculational analysis
of the mechanism built up from the elementary reactions is
not possible within the scope of this paper, but wock is In
progress on estimating (or obtaining fron the literature)
rate constants for elementary reactions of interest and com-
bining them to give overall reaction rates.

The organization followed in this paper will he similar
to that in my analysis of tune Fischer-Tropsch synthesis.l
The same notation will be used. However, because the water
gas shift reaction takes place with metal, metal oxide, and
homogeneous catalysts, those subdivisions will b»e used.
Relevant material will be evidence for irtermediates or re-

actions on (L) the metals in the catalysts used



industrially, and ') other metals. Direct observation of
intermediates or reactions will be preferred to inference
from kinetics, and systems in which elementary reactions are
isclated will be preferred to systems of complex reactions.
The literature has been covered from 1960 through mid-1982,

with emphasis since 1970.

WATER GAS SHIFT REACTION ON METALS

Metal catalysts are of particular interest for under-
standing the relation of the water gas shift reaction to the
Fischer-Tropsch synthesis, because of the reduced nature of
the Fischer-Trops.h catalysts under reaction conditions.
The evidence for the relevant elementary reactions has been
reviewed.l Publications since that time have generally

supported those reactions. Deuterium adsorbs dissociatively

2

on Rh(100); potassium on iron surfaces increases the ad-

3

sorption energy of hydrogen. Adsorption of hydrogen is

hindered by adsorbed electronega'ive atoms, such as oxy-

4,5 5

gen,4 carbon, Several techniques

6

and nitrogen.

have given more detail on the adsorption of CO on nickel,

7 8 8

alumina--supported cobalt, platinum, copper, and

2

rhodium, The degree of dissociation of CO on rhodium is

subject to differing 1nterpretations,9

and CO is reported
to dissoclate on stepped nickel surfaces,lo but not on

kinked platinum surfaces.!] The presence of adsorbed



potassium on platinum strengthens the adsorption of CO,12

as do sodium, potassium, and cesium on nickel, in addition

13

to inducing CO dissociation. Conversely, an oxygen ad-

layer on Cu-Ni surface alloys weakens CO adsorption.14
These effects on CO adsorption are generally interpreted to
mean that the alkali metals increase backbonding from the
metal to CO, and electronegative elements decrease the
backbonding.

A thermal desorption study of CO and Hzo adsorbed on
Ru(001} shows that the presence of water induces a strongiy-
bonnd state of CO, possibly disssciated.15 CO, dissoci-
ates on alumina-supported rhodium to CO and adsorbed 0, al-
though the details of this interaction, and the effect of hy-

16

drogen on 1it, are not clear. Coadsorption of CO2 and

H2 on alumina-supported rhodium gave adsorbed formate, as

observed tky infrared spectroscopy.17

The overall kinetics of the water gas shift reaction

18 19

have been studied on unsupported iron and platinum,

on alumina-supported Group 7B, 8, and 1B metals, some of

which were alco supported on silica and carbon,20 on

21

zeolite~ and alumina-supported rhodium, and on zeolite-

supported ruthenium.22

For unsupported iron at high temperatures, an oxygen

transfer mechanism,

CO,(g) w= CO(g) + O(ads) (2)



was deduced.18

However, this is in conflict with findings
that CO adsorbs readily on metals and H2 adsorbs disso-
ciatively. (See discussions in Ref. 1, and references there-
in.) For unsupported platinum, the stoichiometric number
method 23 was used to interpret overall kinetics and iso-
topic labeling experiments. The proposed mechanism19 is
given in Table 1I. The adsorbed intecimediate was not
identified.

For supported metals, the situation appears to be more
complex. Because the commonly-used supports, such as alu-
mina, can adsorb water significantly and the other compo-
nents of the water gas shift equilibrium to lesser degrees,
the catalyst may be bifunctional, with some processes taking
place on the metal svrfaces, some on the support surfaces,
ana some at the interface between the metal and the support.

A comparative study20

of the water gas shilt reaction on
rhenium, cobalt, iron, nickel, rhodium, ruthenium, palla-
dium, iridium, osmium, platinum, copper, and gold showed ac-
tivities ranging over three orders of magnitude for the
r.o.tals supported on alumina. Platinum and rhodium were
fourd to be most active on alumina supports, of intermediate
activity on silica, and least active on carbon. A mechanism

was proposed for a Lifunctional catalyst. This mechanism is

given in Table TI, where M indicates a site on the metal,



and MO a site on the support. However, the activity of a bi-
functional catalyst should be strongly dependent on the dis-
persion of the metal, and no such depenaence was found.
Methane was a significant product in the water gas
shift reaction oer zeolite- and alumina-supported rhodium.
and both methane and ethane were observed in small amounts
over the alumina-supported catalyst.21 The activity of al-
umina alone for the reaction was two orders of magnitude
less than for the alumina-supported rhodium. Zeolite~
supported ruthenium also produced methane in addition to the
water gas shift reaction, but the support seems to have less

22 The occurrence of methanation

effect than for rhodium.
greatly complicates the interpretation of these results.

A set of elementary reactions describing the water aqas
shift reaction on most metals is given in Table III. This
table includes the reactions of Table X in Ref. 1, with all
adsorption-desorption 8steps made explicit, and nucleophilic
attack of adsorbed OH on adsorbed CO added, partly because

of more recent studies,17'20

and partly because of evi-
dence on the homogereously catalyzed reaction, to be dis-
cussed later in this paper. Hydroxycarbonyl is given as the
product of nucleophilic attack, rather than formate, because
several reactions can ve written for formate formation and

decomposition, none of which have significant support from

surfac> studies. Although inclusion of formate at this time



would be both speculative and lengthy, it may be justified

with further study.

WATER GAS SHIFT REACTION Ci! OXIDES

The water gas shift catalysts used industrially have
been iron and chromium oxides (high-temperature catalyst)
and copper, zinc, chromium, and aluminum ovides (low-
temperature catalyst). Limited informaticn is available on
the adsorption of H2, H20, co, and CO2 on these
oxides. However, many of the elementary steps of the water
gas shift are adsorption-related: adsorption and dissocia-

tion, or their reverse, association and desorption.

ﬂz Adsorption

At least three, and as many as seven types of hydrogen

have been identified as adsorbed species on zinc ox-

ide. 24732 Infrared spectroscopy has identified three spe-

cies: a heterolytically dissociated species, Zn-H a2nd OH on
ad jacent site., that appears to be active in hydrogena-

tion+;24'27 a low-temperature molecularly adsorbed species

28,29 and a spe-

that participates in H2-02 exchange;
cies inactive for hydrogenation that appears to be bridged,
Zn=H-2Zn or O--H-O.26 Temperature—-programmed desorption
(TP0) studies and conductivity studies seem to indicate .he

presence of greater numbers of hydrogen species,3°—32 but



these have not all been identified with infrared species.
At least two TPD peaks appear to represent different reac-
tion paths to desorption for the species identified in the
infrared studies.33

Although zinc oxide is considered the hydrogen activa-
tion component in methanol and water gas shift catalysts,
other components of the catalysts can also adsorb hydrogen.
TPD results34 show five different types of hydrogen ad-
scrbed cn gamma-alumina between -196 and 450 C. Chromia and
chromia-silica adsorb hydrogen, alihough to a lesser extent
than zinc oxide. A very low-temperature form of .ydrogen ad-
sorbed on chromia appears to be molecular, analogous to the

low-temperature form on zinc oxide.35

A heterolytic dis-
sociative adsorption of hydrogen is reported at intermediate
temperatures, and transtormation of the cr3* bonded to H
to Cr?* and OH is reported to take place at higher
temperatures.36

The reactions producing th- various forms of hydrogen

adsorbed on oxides are likely to be

H, + MO -t MO—Hz(physisorbed) (4)
MO-H,(physisorbed) et H-MO-H (5)
H-MO-H + 2 MO e= OM-H-MO-H-OM. (6)

Other routes are possible, and diffusion on the surface may
e important, as indicated by the TPD results. Reactions 4-

6 account in a simpie way for relationships among the thiee
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species observed by infrared spectroscopy, but the reactions

themselves have not heen observed directly.

H,0 Adsorption

The adsorption of water onto metal oxides gives hy-
droxyl groups, intermediates also formed by the adsorption
of hydrogen. 1In the case of water, dissociation is to a hy-
drogen that adds to an oxide oxygen and a hydroxyl that adds
to a metal ion. Hydrogen bonding with the oxide oxygens and

hydroxyl groups also causes molecular adsorption of water.

On iron oxide, adsorption isotherms37, dielectric re-

28 39

laration,” infrared spectroscopy, and ultraviolet

photoemission spectroscopy40 have shown both molecularly
adsorbed and dissociated water. Water is physisorbed onto
surface hydroxyls. Physisorbed water was observed by infra-
red spectroscopy on an iron-chromium catalyst; dissociative
chemisorption was also deduced. 4!

Water adsorption on zinc oxide has been studied by ad-

42

sorption isotherms and a combination of thermogravimetry

43

and infrared spectroscopy; again, molecular adsorption

and dissociation were both observed. Water adsorbs dissocia-

44

tively onto oxygen-treated copper and zinc, although it

adsorbs poorly onto clean copper and zinc surfaces. For a
low-temperature shift catalyst, both hydroxyls and undissoci-

ated water have been observed by infrared spectrosc0py.45
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Digssociation increases with the degree of reduction of the
catalyst. Molecularly adsorbed water appears to be present
on both catalyst and support.

On alumina, as determined by microcalorimetry and infra-

46

red spectroscopy, water is physisorbed, then molecularly

47 and chromia48 be-

chemisorbed and dissociated. Silica
have similarly. The processes of water adsorption on silica-
alumina appear to be similar to those on silica and alu-
mina, but the combination has a greater capacity for water
adsorption than what would be extrapolated by a linear com-
bination of the two.%?

The reactions of water adsorption on oxides can be

summarized:

H,0 + MO e H,0-MO(physisorbed) (7)
H,0-MO(physisorbed) e= H,0-MO (8)
H,0-MO(physisorbed) e= MO-HOH (9)
HZO-MO = HO-MO-H (10)

MO~HOH e= HO-MO-H. (11)
There appear to be two kinds of water chemisorbed molec-
ularly: one in which the oxygen is bonded to the metal ion
(reaction 8), and one in which the water is hydrogen bonded

to the oxygen or hydroxyl groups of the oxide (reaction 9).
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CO Adsorption

CO adsorption on oxides has been less studied and there-
fore is not as well understood as CO adsorption on netals.
Infrared spectroscopy les been the method of choice for exam-
ining Co adsorption nn metal oxides; few other methods have
been used. In general, a low-frequency group of bands (1100
to 1800 cm™l) is attributed tc carbonaie, bicarbonate, for-
mate, and carboxyl or hydroxycarbunyl, and a higher-

1) is attributed

frequency group of bands (2000 to 2250 cm~
to a weakly adsorbed species, in which the carbon is sigma-
bonded to the metal ion with nou backbonding or the inter-
action 1is primarily electrostatic. Carbonyl bands (1900 to
2000 cm_l) are sometimes observed. Interpretation of some
of the bands is no“ unambiguous. Harrison and Thornton50
have concluded that thre wecakly bonded CO is adsorbed, carbon
down, perpendicular to the surface, as in carbonyls, but the
bonding is primarily electrostatic. Copper is an cxception
to this, in that significant pi bonding appears t. he pres-
ent, and this model is not completely consistent with other
data, suggesting the possibility of some pi bonding for
other metals., Infrared absorption frequencies for CO ad-
sorbed on transition-metal ions on silica°! appear to be
consistent with this model, and a simple correlation between
heat of adsorption and CO frequencies for several uxidesqz

alsuo argues for a simple bonding madel. 'The ¢-0 bond for
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this type of CO adsorption is strengthened relative to its
gas-phase value.

Conductivity data suggest a partiy cationinc (D adsorbed

53

on the Fe2+ ions of Fe203, although the charge of

the CO changes from partially positive to partially negative

54

with increasing reduction of the oxide. CO was adsorbed

onto a reduced iron-chromium catalyst with apparent forma-

tion of carbonates and carbonyls;41

however, one of the
bands attributed to a carbonyl (2095 cm_l) is in the range
usually cconsidered to belong to a weakly-bound species. On
FeO, CO eppears to be adsorbed at a metal ion, although the
ultraviolet photoelectron spectrum cannot be fully interpre-
ted,>? With potassium on FeO, the CO is adsorbed more
strongly, probably as a carbonyl.55

Adscrption on copper oxide gives a weakly bound spe-
56,57 56-62

cies, carbonyls,

56,%8,59

and carbonates, bicarbonates,
and formates; in addition, if another component,
such as alumina, silica, or other metal oxide, 1is present,

bicarbonate and formate concentrations will be increased. A
large range of frequencies is observed for carbonyls (2000-
2200 cm'l); apparently differences in the preparation of
the catalyst affect the relative amounts of copper in the
three oxidation states., 1t has not bern possible to relate
frequencies unamhiguously to oxidation states because of the

lack of appropriate model compounds. Copper carbonyls that
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may simulate surface compounds have been synthesized only

recently.63

Zinc oxide shows bands in the weakly bound re-

gionsl'“'66 and the —carbonate region54'66, but none

that have been identified as carbonyls. Other surface diag-
rostics tend to confirm these identifications.67 Angle-

resolved photoelectron spectroscopy shows the CO to be ad-

sorbed, carbon end down, on the zinc .oms.68

Both pure and supported chromia show bands indicating a

weakly adsorbed zspecies,“'sg'73 a ca'.'bonyl,71 and car-

bonates.69'72'73 Transient response techniques have given

74

results consistent with these interpretations. However,

for a copper chromite catalyst, it was concluded that car-

bonyls formed only oa copper.56

oneb9:75 76

Alumina is reported to form or two

weakly adsorbed soecies and carbonates. Kinetic data sup-
port the presence of two types of adsorption, but these can-

not be correlated readily with those identiiied by infrared

spectroscopy.77 A potassium promoter or alumina results

in carboxylate and carbonate upon adsorption of CO and

78
C02_

Adsorption of CO on silica is not observed at tempera-

tures above 75 C.58

Magnesia forms a weakly adsorbed species and carbon-

atuu,’9'79 anl tl»re 18 sgom» evidence for a species
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containing an unpaired electron. This species has been

identified as a carbonyl radical80 or a polymeric radical

8l

anion, These species participate in the disproportiona-

tion of CO, forming carbonates and carbon. A similar spe-
cies is formed on calcium and strontium oxides.82
The probable reactions representing CO adsorption on

metal oxides, are then

CO + MO g= OM-CO(physisorbed) (12)
OM-CO(physisorbed) e= OM-CO (13)
CO + MOMO o= M2CO3 (14)

Distinctions will not be made here between unidentate and bi-
dentate species. The formation of bicarbonates and formates
from CO must involve interactions with hydrogen or hyiroxide
and will be discussed later. The stoichiometries and struc-
tures of the polymeric radical anions formed on alkaline
eartn oxides are not known, so reactinns cannot be written
for their formatiorn and eventual disproportionation to car-
bonates and carbon. Therefore, these reactions will be ne-
glected at this time, but they should be considered for cata-

lysts containing the alkaline earth metals.

Carbon dioxide initially physisorbs on metal oxide sur-
faces and then chemisorbs in three ways: with the carbon

bonded to metal to give a carboxyl group, with an > xygen
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bonded to metal, or with the carbon bonded to oxygen to give

a carbonate. Relatively 1little evidence exists, however,

for the M-0CO species.

F6203 adsorbs CO, to give a weakly adsorbed spe-

cies and possible carbonates, bicarbonates, and car-

83,84

boxyls. Chromia and chromia-silica give species simi-

lar to those on Fe203.69'85

Copper oxide adsorbs CO2 weakly,58 with possible
formation of carbonates and carboxyls.86 Zinc oxide forms
carbonates and a carboxyl upon CO, adsnrption.64'a3'q7
The carboxyl group probably does not carry a full negative
charge.67

Two weakly adsorbed species have been identified on sil-

88

ica by infrared spectroscopy, but this observation is in

contradiction to the observation of carboxyl groups on sil-

89

ica exposed to CO, by -electron spin resonance and
adsorption-desorption techniques.90

On alumina, carbonates and bicarbonatesﬁg'gl—96 and
one,91 two,92 or three93 weakly bonded species have
been  obscrved. No carboxyls have been rejorted. An ad-

sorption isotherm study generally supports the carbonate

97

identifications., The species and their relative concen-

tinrtions are strongly influenced by heat treatment and the

crystal structure of the alumina.94
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On magnesia, carbonates are formed,79b'92b'95 and a
weakly-bourd species has been observed.79b

Soluble CO2 complexes of cobalt und alkali metal cat-
ions have been characterized.98 The carbon 1is bonded to
the cobalt, and the oxyr,2ns to the alkali metal cations. The
infrared C-0 frequencies are in the range of those observed
for carboxvyls on surfaces.

The reactions for adsorption of CO2 on metal oxides

can be summarized:

CO2 + MO e+ MO-CO,(physisorbed) (15)
MO-CO,(physisorbed) e= OM-CO, (l16)
MO-CO, (physisorbed) e MO-CO, (17)
MO-CG, (physisorbed) «=* OM-0CO. (18)

Interactions Among Adsorbed Species

The major interactions appear to take place among .d-
sorbed species, rather than between adsorbed and gas-phase
species. However, information aboit these steps 1is incom-
plete #..1 sometimes contradictory.

The presence of hydroxyl groups on the surface of sev-
eral of these oxides appears to promote CO2 adsorpt ‘on, al-
though this effect bas not been studied in detall. Water in-
teracts with adsorbed CO, on magnesia to produce bicar-

bonate.??  This could come about by nucleophilic attack on

the carbon by hydroxyl,
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OM-0CO + OM-OH &= OM-OC(O)OH + MO, (19)
hydregen transfer,

MO—C02 + OM-OH w»= MO-C(O)OH + OM-O, (20)
or oxygen insertion,

OM—CO2 + OM-0OH e= OM-0C(O)OH + MO. (21)

2+

In a relevant solution reaction, Cu has been found to

catalyze the nucleophilic attack of water at a carbonvl

carbon.100

CO and H2O, and CO, and H,, have been coadsorbed

on zinc and magnesium oxides and the surface intermediates

observed by infirared spectroscopy.101 Formate 1ions were
the predominant species observed. F‘ormate,loz'lo3 acetyl
and acetate,102 and carbonate and bicarbonate103 inter-

mediates have been trapped during CO-Hz and CO,-H, re-
actions on copper-zinc catalysts. Water and CO adsorbed on
an iron-chromium cAatalyst interact to produce fwrmat@.dl
A possible reaction producing formate is

OM--CO + OM-OH = OM-0OC(H)O. (22)
This is an oxygen ingertion into the M=C bond (or carbon mi-

gration to oxyyen) with hydrogen transfer, Tt may be broken

down into

OM=-CO + OM-OH e OM-C(O)OH + MO (23)
OM-C(O))H =2 OM-0COM (24)
OM=0COIl =  OM-0C ()0, (25)

Hydrogen addition to adusorbod (‘()? wil' also give formate:
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M-0CO + M-H &= M-0C(H)O + M. (26)

Botih lattice and adsorbed oxygen may oxidize CO to

104,105 53

co, on copper oxide and Fe,0,. On

chromia, adsorbed CO and oxygen react to give carbonates and

106,107

carboxyls. The weakly bonded CO with an infrared

absorption at 2187 cm'l appears to be the reactive spe-

cies.lo6

Coadsorption of CO with oxygen on hydrated mag-
nesia produces infrared absorptions in the carbonate region
and no absorptions characteristic of adsorbed co.’9b This
reaction may be
OM=-CO + OM-0 o= OM-CO2 + MO (27)
OM-CO2 + OM=-0 = OM-OCO2 + MO. (28)
The interaction between adsorbed CO and hydrogen on
zinc oxide has been investigated by several groupr:;.loe'113
The evidence is consistent with inductive strengthening of
the bonds between the adsorbed sgpecies and the zinc oxide,

with no new chemical bonds formed.113

These species may
be more reactive than the individually adsorbed specles;
otherwise, this interaction is more relevant to nethanacion

and methanol formation.

Overall Reaction

Studies
Studies of the overall water gas shift reaction over

fron, copper, and cobalt-molybdeonum catalyasts have been re-

114

viewod recently. Empivical rate equations are
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summarized there and will not be considered here, although
some concluaions on elementary steps in the mechanism will
be reconsider2d in the light of the independent evidence for
the elementary reactions. The cobalt-molybdenum catalysts
will not be considered here because less information exists
for elementary reactions on those catalysts, and their sulfi-
dation may introduce significant differences into the mech-
anism of reaction.

For the iron-chromium catalysts, two nechanisms have

been proposed. The regenerative mechanism115

involves oxy-
gen transfer through adsorbed oxygen atoms; this essentially
consists of reactions 2 and 3 or may also include the ad-
sorption of the other reactants. Most of the evidence for
this mechanism has heen obtained at higher temperatures than
are of industrial interest for the water gas shift reaction,
and it may be primarily of interest in metal-

18,116,117

lurgy. Mechanisms proceeding through a C-H-0 in-

termediate, such as the format» ion, have also Dbeer

proposvd.118

For the copper-zinc catalysts, most of the overall
119,120

studing conclnde that an intermediate, probably a
formatn,120 is important 1in the mechanism, The slngle dis-
senting oplnionlzl ls based mainly on theor .ical consider-
ations and fails to explain several points. A comparison of

formate decomposition on zine and magnesium oxides with the
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water gas shift reaction led to the conclusion that formate
is an important intermediate.101
A combined kinetic and infrared study ot the water gas

122 showed that formate 1i9n

shift reaction on alumina
exists on the working catalyst and thet some formate ions
may not participate in the overall reaction. 1iInfrared spec-
troscopy suggests that carbonate is not an important inter-
mediate. Little if any carboxyl was observed.

Althcugh the evidence for most of the stxps is poor in
terms of observed intermediates or elementary reactions, a

mechanism for the water gas shift on oxide catalysts is

summarized in Table 1V,

HOMOGENEOUS WATER GAS SHIFT REACTION

It is not yet clear to whet degree reactions observed
in homogeneous metal complexes can be assumed to occur in
hoterogeneous systenis. However, mecharisms for the water
gas shift reaction have been worked out fur several homogen-
eous systems, and some of the 2lementary steps appear to be
sinilar to those in heterogeneous systems.

Mononuclear and polynuclear carbonyls cf several transi-
tion metals catalyze the water gas shift, in acidic solu-

tion, catalysis by rhodium,123 124

125

ruthenium, and palla-

dium complexes has bheen observed, and in basic solu-

126-1130 1,131
[}

tion, by iron, nicke
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ruthenium,lm'1:9'131'133 rhodium,l34'136 osmium,137
iridium,lza'137 platinum,l:w'139 and chromium,
126,132

molybdenum, and tungsten complexes.

Notation can obscure the similarities between the homo-
geneous and heterogeneous reactions. Therefore, in this dis-
cussion reactions wil® »e written in the notation used for
the metal surfaces ids that do not participate in the
reaction will be omi. .d. Table V summarizes the elementary
reactions suggested for the homogeneous water gas shift reac-
tion. Reactions for both the acidic and basic media are
included.

In proposing a general mechanism for the homogeneous
water gas shift reaction, 1 will not consider charges on
metal complexes. Many of the reactions take place with both
neutral aid charged complexes (Table V), and this simplifica-
tion makes clearer the relationship to surface reactiun-.
However, the charges will affect the encergetics of the reac-
tiors and must be taken into account in calculations of spe-
cific systemns.

Nucleophilic attack of hydroxide or water at a carbonyl

carbon has been well documented:l40
M-CO + O = M-C(O)OH (29)
M-CO + Hzo e H-M-C(O)CH. (30)

The metallocarboxylic acids can break down to give

‘) L]
CO, s
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M-C(O)OH w= M-H + CO2. (31)
CO2 can also react with metal complexes to give
formates:142

CO2 + M-H => M-0C(H)O. (32)

The equilibrium

CO + OH = HCOZ_ (33)

also gives formate, which can complex with a metal:

M + HCO,  «=* M-OC(H)O™. (34)
Molybdenum hexacarbonyl reacts with formate ion to give a
formatomolybdatec complex and a carboylate complex.143
Photochemical enhancement of formate decomposition by group
6B metal hexacarbonyls144 appears to support dissociation

of CO from a carbonyl, followed by formate complexation and

deccmposition, as steps in the reaction. Both monodentate
formatel4® and metallocarboxylic acids141 may be inter-
mediates, yielding CO, and H, upon decomposition, but

the metallocarboxylic acid pathway may b= energetically more

favorable, at least in the case of iron.145

Dissociation of HZO and formation of Hoo

Hzo + M e H-M-OH (35)

H-M-H = M + H,, (36)
are known, Addition of water to rhodium146 and palla-
dium! 47 complexes followed by elimination of hydrogen has
been observed. Another relevant reaction 1is the photo-

chemi ral substitution of water for CO in Rez(co)lo; the
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substitution proceeds through a somewhat indirect mechanism,
however, with photochemical homolysis of the Re-Re bond as

the first step.l48

Under further irradiation, the water
ligand dissociates to give HRe(CO)5 and
Re4(CO)12(0H)4.

The addition of CO to an unsaturated metal complex or

its substitution for hydrogen are both likely:

CO + M e M-CO (37)
H-M-H + CO e M-CO + H2 (38)
M-I + CO e M-CO + H. (2.

The water gas shift reaction has also been photocatalyzed
with a ruthenium complex, apparently because of photo-
initiation by CO dissociation from the complex.149
The bicarbonate equilibrium should also be included:
CO, + OH" e HCO; . (40)
CO, can be disproportionated to CO and carbonate by transi-

tion metal dianions,150

in a reaction that may be a part
of some of the homogeneously catalyzed water gas shift and
sr'ggests some asprects of the heterngeneous reaction.

A zeolite catalyst prepared from ruthenium hexamine ap-
pears to operate through a similar mechanism. Ruthenium hex-
amine exchanged into zeolites shows activity for the water

gas shift from 90 C to 230 C.151 Intermediates ident.fied

by infrared spectroscopy suggest a mechanism involving
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nucleophilic attack by water on CO coordinated to ruthenium

to gqive a rutheniumcarboxylic acid.

COMPARISON OF MECHANISMS FOR DIFFERENT CONCITIONS

Tt should be emphasized feor the following discussions
that the evidence for most of the elementary reactions is in-
complete. The reactions on metal surfaces, particularly

C02 and H20 association-dissociation, are the best sup-

ported. Many fewer studies are available for adsorption on
oxides, owing to the difficulties of preparing well-
characterized oxide surfaces. The adsorption-desorption re-

actions are fairly well established, but questions remain as
to the nature of the species formed by CGC and CO, ad-
sorption on oxides. The steps in which the intermediate is
formed and decomposed are the least supported for all mech-
anisms. It is not clear to what degree formate, hydroxy-
carboxyl, or oxygen transfer contribute to the overall reac-
tion, although most of the evidence points to the partici-
pation of an H-C-0 intermediate for the lower-temperaAature
processes.

Considerable similarity exists among the mechanisms pro-
posed here and previously for the water gas shift on metals,
mectal oxides, and in homogeneous solutions. Adsorption and
desorption steps on the surfaces are similar, with _he excep~-

tion of physisorption, ¢to the eé&ssociation reactions in



-26-

solution. In all three mechanisms, H2 dissociates to

atoms, and H20 dissociates to hydrogen and hydroxyl.
Although the reactions may be similar for CO and C02
adsorption, the adsorbed species on metals and oxides may
have significantly different reactivities from each other
and from complexed CO and CO2 in solution. For CO c¢n
metals, backbonding weakens the C-0 bond; for most oxides,
backbonding is absent or almost so, and the C-O bond is
strengthened relative to the gas-phase molecule. However,
products of apparent nucleophilic attack on carbhon are
observed in all media. CO oxidation by uadsorbed oxygen
atoms on metals is the reverse o CO, dissociation. This
reaction alse appears likely on oxides, but less so in
solution, However, it has been observed in one homogeneous
system.152

Reactions forming a C-H-O0 intermediate have not been ob-
served directly on surfaces. Formic acid or a formate ion
adsorbed as M—OZCH is an attractive intermediate becauysen
of the stoichiometry of formic acid and its known surface
reactions:

HCOOH == H2 + (.302 (41)
HCOOH e "20 + CO. (42)

Howrver, the formation of adsorbed forimate from CO .wloorhed

carbhon end down requires goveral elomentary dteps of reac-

tion with hydroxyl and rearrangement (reactionn 21-2%), or
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reaction with oxygen and hydrogen atoms. None of these
reactions have been observed. Formation from CO2 would in-
volve only a hydrogen transfer (reaction 26). Again, this
has not been observed in heterogeneous cystems. A large vcl-
une of literature, which cannot be reviewed within the scope
of this paper, deals with the decomposition of formic acid
on metal and metal oxide surfaces. A survey of some of the
more recent of this literature shows great differences, ap-
parently depending on the method of observation as well as
the substrate. For example, most static methods show that
the hydroxyl hydrogen is abstracted by metals and oxides to
give surface fOLmates,1:3 but a dynamic study shows that a
hydroxycarbony! radical is formed by the abstraction of the
carbon-bonded hyldrogen by the metal surface and that the
radical can detach from the surface.ls4 Formation of an

155

anhydride intermediate hes been proposed, and an an-

hydride has been observed by infrared reflectance spec-

troscopy.156 However, the lack of such an observation |in

the H2—H2()-C()-CO2 systems sugqgests that this s an un-
likely pathway for the water gas shift reaction. A beta-
hydride elimiration has bvoan suggested as the decomposition
route from a formidorhedium complex to COZ and the hydrido
comp]m&.]r’7 Formic acid has also been suggested as an in-
termediate in the water gas shift on the ,asils of it over-

all kinetics of decomposition on a low-temperaturs shijft
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catalyst.120

However, supporting evidence in the form of
observed elementary reactions would be highly desirable.
w‘ryiler set of elesmentary reactions (reactions 29-31)
can }{: wi."ten for the CO—hydroxycarbonyl—CO2 transfor-
matic., ‘mt few hydroxycarbonyl or carboxyl intermedates
have leen observed on surfaces. The observation that iron
hydroxycarbonyl complexes decompcse more rapidly than for-
mido complexes145 suggests that they may be the kin-
etically more important intermediates; their short lifetimes
and consequently low steady-state concentrations may prevent
their obsarvation. On the other hand, they may be too un-
stable to form on surfaces,
Some of the products appear not to play a part in the
water gas shift reaction except to remove a smali amount of

material from the sygtem. Carbonates and the inactive form

of hydrogen on oxides are in this category.

THE WATEHER GAS SHIIT AND THE FISCHER=TROPSCH SYNTHESLS

The water gas  shift  reaction 13 saimpler than the
Fischor=T.opsch  gynthesis, It commonly achieves equi-
librium, whereas  Fischer=Tropsch is  at 1east partly con-
trolled by kinetics, It ¢can be ropresented by a conven-
tional  balancod chemical  reaction, wherean Fischer-Tropsch
must hee reprogentod by a generalized chemioal yeaction, or a

colloction of choemical reactionsn. Al thia polnts to the
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probability that the water gas shift can be represented by a
smaller set of elementary reactions than Fischer-Tropsch. A
set of elementary reactions has been proposed for the mech-

1 and sets of ele-

anism of the Fischer-Tropsch synthesis,
mentary reactions have bLeen proposed here for the mechanisms
of the water gas shift reaction on metals, on oxides, and in
homogeneous solu:-ion. 1In this section, the relationships be-
tween these two groups of elementary reactions will be
examined.

Publications since the proposal of the mechanism for
the Fischer-Tropsch synthesis give no reason to alter that
set of elementary reac:ions. Adsorption of H, and CO on
transition metals, both pure and modified with promoters and
poisons, has been reviewed,l%® A statistical analysis to
evaluate correlations between H2 and CO dissociation and
other properties of metals has also been carried out, 139
”2 dissociation was found to correlate with heat of vapori-
zation, heat of fusion, molar heat capacity, Debye tempera-
ture, atomic volumrn, electronegativity, first and second ior-
fzation enerqies, and electrical conductance. €O dissocla-
tion was found to correlate with heat of fusion, molar heat
capacity, electrical  conductance, and clectronegativity.
Sevoral of theae parametoeors are rolated to the metal-metal
bond  enerqgy, and  the others may relate to electronic

offoct A,
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Although attempts to observe formyl intermediates on

d'160

rhodium surfaces faile increasing numbers of formyl

metal complexes are being synthesized.161 The protonation
route for hydrogenation has been further supported.162
Several methods of C-C bond formation have been demonstrated
in complexes.163 The reverse of C-H bond formation, the
oxidative addition of hydrocarbons to iridium complexes, has

been demonstrated.l64 Gas-phase studies of interactions

165

between matal atoms and hydrocarbons should give infor-

mation such as bond energies that cin be used in estimating
rate constants for these reactions, . .1 are showing some dif-

ferences bhetwenn the interactions of different metal atoms

166

with hydrocarbons. The acidity of metal hydrides is an-

other set of information that will be useful in evaluating
mechanisms, particularly in solution, and possibly in extrap-

olation to surfaces, Reactions of  interest  are being

167

studied in early transition metal complerxes and  ac-

168

tinide complexey, but  thear  reactions  are  ntolchlo-

metris rathe: than catalytlic,  Relovant organometallic reac-
tiony have beon rﬂvikud.]ﬁ“
Soveral kinetic atudies mupport  the participation of

carbon  atomd and  partially hydrogenated  carbon an inter-

170

mevd § At e, From obuaorvatioan of thin type, it han heen

suggented  that  hydrogenolyai:s can bhe rogarvded s oa roverae

Flacheor =Troprceh :ynlhvnln.lll Oxidation and carburization
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of iron hLave been further studied, and it appears that some

iron oxiie may be present under synthesis conditions.172

Changes in kinetic regimes were observed in methanation over

173

nickel foils and in the production of hydrocarbons and

oxygenates over LaRhO3.174 Where Schulz-Flory analysis

has been applied to product distributions, both consis-

175,176 170a,173,176,177

tent and inconsistent distri-

butions have been observed. Product distributions have been

modeled for situations other than the saimple Flory model,

some of which are more selective.”s'178

Of closer relevance to the water gas shift are the nu-

cleophilic activation of CO to reduction by hydrogen,179

analogous to the nucleophilic attack by water or hydroxide

proposcd for the water gas shift, Coadsorption of CO and

180 181

Il2 on iron and ruthenium leadd to lessened dis-

sociation for both., Most likely, the reaction of water with

182

surface carbon to give methane and the {interactions

among surface c¢arbon, €0, and C02181 are relevant to

both the water gas ahift and Fischer-Tropsch., However, moro
informat fon {8 needed on the elementary reactions,

Two of the components of the water gas equilibrium, Co
and Iy, are the starting materials for the Figcher-Tropsch
aynthenin, The other two, CO., and n,0, are products of
the syntheaiy, However, the Fischer-Tropach reactants are

on opponite sides of the water qgan equilibrium, as are the
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products. Thus, the water gas shift can help or hinder the
Fischer-Tropsch synthesis by altering the concentrationa of
reactants and products.

Since the two processes have these components in com-
mon, adsorption and desorption reactions must be shared, as
must the dissociation reactions of Hyy H,0, and CO,.
Aside from these reactions, there appear to be no further
overlaps between the water gas shift and Fischer-Tropsch.
The dissociation of CO appears not to be a part of the water
gas shift, Hydroxycarbonyl may be an intermediate in acid
or ester formation in Fischer-Tropsch, but evidence here is
very  limited, Also, if formate intermcediates, which have
been observed under Fischer-Tropsch condi’ions, are hydro-
genated significantly, some of these reactions may overlap.

If the overlars between the wator gas shift ard Fischer-
Tropsch are limited to adsorption-desorption and association-
~disyociation reactions, then consideretion of modifications
to Fischor=Tropsch catalysts to provide oxyyen rejection by
”2” rather  than Co, may bo relatively gimple, Catalystsy
on which thoe Hzn association and desorption reactions are
Favord over  the €O, aswociation and desorption roact. ions
will give a watoer product. Unfortunately, data for theso re-
actionn i3 not available for a wide range of metals,

Furthear applications of the rolation between the watoer

gan ahife  and Fidgehor=Tropaca  are in understanding  the
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K5lbel-Englehardt syntheuis and CO2 methanation. The d4dif-
ferences here are not in the elementary reactions, but in
the relative concentrations of reactants and intermediates,
which may give rise to different paths by effectively re-
ducing the rate of one path to zero, while making signifi-
cant another path that is inactive in the water gas shift or
Fischer-Tropsch.

The overlap, hoever, of the association-dissociation
and adsorption-desorption reactions between the water gas
shift and Fischer-Tropsc~h means that it is not useful to sep-
arate these two processes conceptually. The water gas
shift, although a simpler set of elementary reactions than
Fischer-Tropsch, cannot itself be regarded as an elementary
reaction, An attempt at a mathematical separation of the
Kinctics of the water gas shift from the kinetics of Fischer-
-Tropsch will give meaningless results because the sets of
elementary reaction:s are noi. orthogonal. Thus, the short-
hand of attributing various effects observed in the Fischer-
Tropsch syntheris to the water gas shift should be avoided,
and an attempt should be made to attribute the effects to a
particular olementary reaction or got of elementary

reactions,
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METHANOL SYNTHESIS

Although the scope of this paper does not permit a de-
tailed discussion of methanol synthesis, that reaction must
be closely related to the water gas shift over the low-tem-
perature catalyst, since the catalysts are similar. An
ideal situation would be to be able to write a list of ele-
mentary reactions encompassing both metnanol synthesis and
the water gas shift. However, the intermediates in methanol
synthesis have not been unambiguously identifieq.184
Clearly the largest diffearence between the two processes is
in the oxidizing power of the reactants: synthesis gas for
moathanol is more reducing than either side of the water gas
equilibrium, However, small amounts  of  CO, promote
mc thanol synthesis. Again, as in the Fischer-Trcopsch syn-
thesis, adsorption-desorption of HZ' H,0, CO, and Co,
and association-dissociation reactions of HR’ H20, and
U)Z are probably common to both processes. The CO that is
hydrogenated to methanol remains assoclated, as (s likely
for the €O that is oxidized in the water gas shift., As is
the ¢ase in the water gas shift, it is not clear whether the
fintermediates in CO hydrogenation are bonded to the catalyst
theough  oxygen  (formate-methoxy .oute) or  thhiough  carbon
(formyl-hydroxymoethyl routn), or whrther hoth of those

. . e L
routes are qunlilvnnr.la’
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SUMMARY AND OUTLOOK

The water gas shift shares a significant number of ele-
mentary reactions with the Fischer-Tropsch synthesis, and
probably with the K&lbel-Engelhardt synthesis, CO2 methan-
ation, and methanol eynthesis. Oxygen transfer from CO2
or H,0 to the catalyst and then to H, or CC may be the
predominant route at higher temperatures in heterogeneocus
systems and appears to be possible for homogeneous systems.
However, a C-H-0 intermediate also particpates at lower tem~
peratures, particularly in homogeneous systems. This inter-
mediate may be formate or hydroxycarbonyl, but little infor-
mation now exists that can clarify whether one or both are
important,

More information i5 needed about the interactions of
H,, Hy0, CO, and €0, on well-characterized oxide sur-
faces. Studies of formic acid as a model compound may also
be useful, but caution is necessary in their interpretation.
The relationship of homogeneous rceac!ions to heteroygrneous
catalysis 1is still not c¢lear, but the'pnra]lels in the water
gas shift appear to be sgsignificant. Again, more sgtudirs of
the intermediates on surfaces will help to elucldate this

relationship.
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TABLE I
Mechanism Proposed by Masuda and Miyahara19 for

Water Gas Shift Reaction on Unsupported Platinum

CO+ M e= M-CO

hoo + 2 M = M-H + M-OH

M-CO + M-OH e adsorbed intermediate
adsorbed intermediate e= M—CO2 + M-H

2 M-Il e 2M+112
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TABLE II

Mechanism Proposed by Grenoble, Estadt, and 0111520

H20 + MO &= HO-MO-H

HZO + MO w= HZO-MO

HzO + 2 M e M-OH + M-H

CO+ M = M-CO

M-CO + H20—MO e OM-O(H)C(H)O
OM-O(H)C(H)O + M «=* M-O(H)C(H)O

M=O(H)C(H)O o= M + CO2 + H,
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TABLE III

Proposed Mechanism of Water Gas Shift on Metals

Hy + M e M-H,(physisorbed)
M-H,(physisorbed) = H=-M-H
CO+ M e=> M-CO(physisorbed)
M-CO(physisorbed) e+ M-CO
H2O + M e M-HZO(physisorbed\
M-H,0(physisorbed) e* M-OH,
CO, + M = M-CO,(physisorbed)
M-CO,(physisorbed) = M-CO,
M-CO o M—é

M-8 e 0-M-C

M-0Oll e H-M-0ll

2

M-0Il > HI-M-0
M=CO + M-0) = M-C()2
M- + M-D)]] e= M=-C(O)OIl

M-C(OIOH = H-M—co.2
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TABLE IV
Proposed Mechanism for the Water Gas Thift Reaction on

Metal Oxides

Reaction Number
H, + MO «= MO-H,(physisorbed) (4)
MO-H,(physisorbed) = H-MO-H (5)
H-MO-H + 2 MO o= OM-H-MO-E-OM (6)
H,0 + MO &= H,0-MO(physisorbed) (7
H,0-MO(physisorbed) = H,0-MO (8)
H20—M0(physisorbed) - MO-HOH (9)
H,0-MO e HO-MG-1I (10)
MO-HOH = HO-MO-H (11
CO + MO = OM-CO(pi., sisorbed) (12)
OM-CO(physisorbed) e OM-CV (13)
CUO + MOMO o= MZ':U'j (14)
CO, + MO « MO-CO,(physisorbed) (15)
MO-CO,(physisorbed) = 0OM-CO, (le
MO-CO, (physisorbed) e MO-CO, (17)
MO-CO, (physisorbed) &> OM-0CU (16)
OM-0CO + OM=-OH e OM-0C(O)OH + MO (19)
Wo—coz 4+ OM=0}l e MO=-C(O)OH + OM-=-0 (20)
()M—(_‘t)2 + OM=-Oll &= OM=0OC{MOH + MO (21)
OM=C'0) + OM-0OH = OM=C(O)OI + MO (215

OM=C{(O)H e OM-0OCOH (#4)
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TABLE IV (continued)

Reaction Number
OM-0COH e OM-OC(H)O (25)
M-0CO + M~H e=> M-OC(H)O + M (26)
OM-CO + OM-0 = OM—CO2 + MO (27)

OM-CO2 + OM-0 &= OM-OC02 + MO (28)
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TABLE V
Previously Proposed Elementary

for Homogeneous Water Gas Shift

Reaction

M-CO + OH™ = M-C(O)OH™
M-CO + OH™ = M-H + co,
M=CO + OH™ = M-II" + co,
[M-CO]JOH &= M-C(O)OH
M-CO + H,0 = H-M-C(O)OH

M-CO + Me3N — M—C(O)NMe3

& e +
M-C(O)NMeqy + H,0 e M-I+ CO, + Me;3NU

M-cot + Hy0 o= H-M-C(0)oH?

M-C(0)OH > M-li + CO,

H-M-(0)OH e+ M + HC(O)OH

M-U(O)OH™ + H,0 e+ H-M-C(O)OH + OH~

M=C(Q)OlU™ = M-11" ¢+ COZ

M-C(O)OII~ + B = M-C(0)O

M—C(O)OZ_ + L0 — M-l ¢ ucoj'

M-(chcioron® e Mt o+ Co, + nt 1"

2= 4 put

M-0C(H)O = M-H + CO.

2
M-OC(H)DT e M-H" + co,
H-M-ll e M+,
H-M=Il + O e M=CO + |

2

Reactions

Reaction

Reference
126,128,130,131
137
133
138
128,131
132
132
129
128,131,138
138

128,131

138
124,126,132
124,12¢ 28,131,
132,136,1137,138

128,131,116
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TABLE V (continued)

Reaction

M=H™ + CO e= M-CO + H~
M-H™ + 1,0 = M + H, + OH~
M + CO e=> M-CO

t 4+ coO e= M-coOt

M
M~ + CO e M-CO~

M + H20 e H-M-0OH

M™ + H,0 e M-I+ O™

M HC(OD)OI e H=M-0C(1D)O

M+ HICO0T @ M=0J(O)H™

H=M=-0Il + § e= [H=-M-5]0H
[H=M-070H + CO e [H-=M-COJOI + 5

CO o+ 0T e HCO,T

2
L.()Z + Ol «* HCO )
nu)‘z + Hzn et H2 + cnz + OH

H™ 4 0,0 e H, + o
'8 o

Reference
126,133
133
125,126,128,131,
132,136,137
129
133
136,138
125,126,132,137
138
125,126,132
136,138
136,138
126,128,131,1132
128,131
128,131

126,13)
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TABLE VI
Proposed Mechanism for

Water Gas Shifrc

Reaction

M-CO + OH e= M-C(Q)OH

the Homogeneous

Reaction

M-CO + HZO e H-M-C(O)OH

M-C(O)OH = M-H + CO2

CO, + M-H &= M-0C(H)O
CO + OH™ b HCOZ_

M + HCO,” e M-0C(H)O™
qu + M e H~-M-0H
H-M-Il e M + H,
CO + M &= M-CO

H=M-1l + CO 3 M=CO + i

M=l + CO e M=CO + H

2

Number
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(16)
(37)

(38)
(39)



